Introduction
Hydrogen, the smallest and one of the most electronically active atoms, is a common impurity in semiconductors and is virtually present in every step of III-V material growth and device processing. [1] The effects hydrogen has on the transport and optical properties of semiconductor materials have been investigated extensively, with quite unexpected results. [2, 3] Upon hydrogen irradiation dangling bonds are saturated; conductive graphene is turned into an insulator; [4] ptype conductivity of diamond is switched to n-type; [5] Mn ferromagnetism in Ga(AsMn) is neutralized. [6] Hydrogen has also a "negative U" behavior in a vast class of materials, with a universal pinning level [7, 8] that accounts for an unintentional doping in GaSb, [8] InN, [9, 10] , and (InGa)N, [11] as well as for an amphoteric behavior in GaN. [9, 12] Moreover, it has been recently predicted that the transfer level  +/-of a H atom adsorbed on a semiconductor's surface namely, the level at which the stable H charge switches from +1 to -1 depends on the specific material investigated, in contrast to what reported in the bulk case. [13] Even more surprising are the effects that H irradiation has on the structural, electronic, and transport properties of dilute nitrides alloys, such as Ga(AsN), Ga(PN), and (InGa)(AsN). [14] The properties of the host material are severely modified by the substitution of a small percentage of the anions with N, while they are fully recovered upon hydrogenation. [15, 16, 17] This unexpected "passivation" of the electronic activity of N atoms has been theoretically accounted for [18, 19, 20] and experimentally verified [21] by the formation of different N-Hn complexes (n≥2).
These effects have been exploited for hydrogen-assisted band-gap engineering at the nanoscale level, which is a promising alternative to other commonly followed approaches. [22, 23] Amongst the material operating in the mid-infrared spectral region, there is an increasing interest in InAs, whose band gap energy (Eg=0.42 eV at T=4.2K) decreases with increasing the concentration of N [24] or Bi [25] alloying. This makes this material a potential candidate for the realization of optoelectronic devices operating with effective electrical isolation and optical transparency in the mid-infrared spectral region. Therefore, InAs could be exploited for atmospheric pollution monitoring and industrial process control, as well as for thermal imaging applications. Good quality In(AsN) epilayers with a small concentration of activated nitrogen atoms have been grown on semi-insulating GaAs, [26] thus providing a valuable alternative to the more expensive growth on InP [27] or InAs [28] substrates. However, the large lattice mismatch (7.2%) [29] between the In(AsN) epilayer and the GaAs substrate, as well as a tendency for N to segregate, lead to the formation of carrier traps and recombination centers ─mainly extensive interface defects and dislocations─ that strongly reduce the material photoluminescence (PL)
efficiency. [24, 30] In spite of the interest in the optimization of the In(AsN) optical properties, the knowledge of the effects hydrogen has on the electronic properties of this semiconductor is still poor, with scattered experimental results. Room temperature PL efficiency increases by an order-ofmagnitude in InAs/GaAs quantum dots when irradiated in-situ with atomic hydrogen during the growth, while post-growth irradiation with molecular hydrogen has a detrimental effect on PL.
[31] On the contrary, post-growth hydrogenation dramatically increases the PL intensity in highly strained, N-free, InAs/GaAs quantum wells. [32] The free-carrier density is also differently affected by hydrogenation: It increases by less than [33] (or about [34] ) one order of magnitude in N-free InAs epilayers, while it increases by up to two orders of magnitude, as shown in the In(AsN) alloy by Hall Effect, Shubnikov de Haas oscillations, and Raman scattering, with no increase in the electron scattering time. [33, 35] In the present work, we report on an extensive investigation of the PL properties of In(AsN) as a function of nitrogen content, hydrogenation temperature (TH), and dose of H irradiation (dH).
First, we show that hydrogen does not neutralize the electronic activity of nitrogen, in stark contrast to the case of other dilute nitride alloys. [14] [15] [16] [17] 22] Secondly, a large increase in carrier density is observed upon sample hydrogenation, but not in N-free InAs. Raman scattering measurements support the formation of H-N donor complexes, whose absence in InAs can be accounted for by a hydrogen  +/-transition level just below the conduction band minimum.
Isochronal thermal annealing cycles show that the H-N donor complexes are stable up to ~500 K.
A well-defined Fermi stabilization energy is achieved upon sample irradiation with high H doses, [36] GaAs substrates held at a growth temperature between 380 °C and 400 °C, depending on the N content. The effective N content was estimated from the PL peak energy at T = 10 K and low excitation power-density (P1 Wcm -2 ). According to the Band Anticrossing (BAC) model, [38] indeed, the N concentration is given by photodiode, and measured by a lock-in amplifier. PL spectra at different excitation power (P) were taken for each sample before and after H irradiation. Micro-Raman scattering measurements were taken using a confocal optical microscope equipped with a nano-focusing system, a spectrometer having a 1200 g/mm grating, and a charge-coupled device. Excitation was provided by a He-Ne laser (λ = 633 nm) focused to a ∼1 μm diameter by a 100× objective.
Experimental results

Photoluminescence
Photoluminescence spectra taken at 10 K from samples irradiated at TH=250 °C with increasing H doses are shown in Fig. 1 for a N-free sample and for a sample containing a tiny amount of N (x=0.0002). In the N-free sample, as shown in Fig. 1 (a) , the PL signal initially increases upon H irradiation ─up to a factor of 9 for dH=1010 16 ionscm -2 (10 H0) and then it decreases. The increased broadening on the low-energy side of the PL band is most likely due to a greater contribution from localized states. No increase in carrier density can be inferred by the PL spectra line-shape at TH=250 °C, at higher TH's (not shown here), or for H doses greater than those shown in the figure (for which the PL signal decreases rapidly, most likely because of an increasing weight of defects related to the sample irradiation with H). However, as shown in Fig. 1 (b) , ensuing band filling effect, which confirms previous magneto-transport studies [33, 35] . This blueshift saturates with increasing dH. Finally, the integrated PL intensity increases with dH, by more than one order of magnitude. Similar results are obtained for hydrogenations at TH=300 °C, as well for a sample with a slightly higher N content (x=0.0003, not shown here).
In samples with increasing N content and exposed to the same hydrogenation doses and temperature (TH=250 °C) as for the x=0.0002 sample shown in Fig. 1 (b) , no blue shift of the PL emission is observed. However, as shown in Fig. 2 (a hydrogenation temperature is raised to TH=350 °C and the H dose to dH=8×10 16 ionscm -2 , a weak, broad band adds to that observed in the as-grown sample; see Fig. 2 
(b). The strength of this band
increases with H dose until it dominates the PL spectra for dH=20×10 16 ionscm -2 . It should be noticed, however, that these layers have thickness of ~1 m and for this high N content the sample has not been uniformly filled up with H atoms, even at the highest H dose: A residual emission peak is observed at 0.38 eV, corresponding to the energy of the as-grown sample. Moreover, the high-energy band-edge is slightly lower than for the x=0.0015 sample; see Fig. 2 (a). Samples irradiated with even higher H doses could not be investigated because of the strong decrease in the PL signal, to almost below the detection limit. Therefore, evidence of band filling due to donors for N content x=0.011 could not be achieved for TH up to 375 °C in these 1 m-thick samples.
Hydrogenations at higher temperatures have not been attempted in order to avoid donor complex dissociation, as it will be discussed in the following.
To summarize, the observation of an increase in carrier density requires higher hydrogenation temperatures and doses for increasing N contents. This suggests that a greater N-trap density should be counterbalanced by a greater diffusion length and H-dose, namely, the observation of a carrier-density increase does depend on the fraction of sample filled up with H atoms and related donors. This assumption has been verified by irradiating thinner In(AsN) sample, 0.33 m in 
Secondary ion mass spectrometry
Photoluminescence results have been correlated with direct measurements of deuterium distribution profiles as obtained by SIMS in two pieces of a sample containing N at x=0.0015, one as grown and the other deuterated at 250 C or 300 C, as shown in Fig. 4 . In the sample deuterated at 250 C, D atoms pervade roughly one third of the sample and no evidence of an increase in carrier concentration has been found; see PL spectra in the inset of panel (a). In the sample deuterated at 300 C, more than two thirds of the sample is filled up with D atoms and the carrier density increases; see the inset of panel (b) and Fig. 2 (a) . This provides direct evidence that the reliable detection of an increase in the carrier concentration using PL is possible only if a substantial fraction of the sample is filled up with D (H) atoms. We note that our earlier transport measurements in 1 m-thick In(AsN) Hall bars hydrogenated at TH=250 °C, together with Raman measurements of the longitudinal-optical, LO, phonon-plasmon mode, [33] showed that the carrier concentration actually increases even in those samples, also hydrogenated at TH=250 C, for which no carrier increase had been observed here in the PL spectra. For example, an x=0.002
(0.01) sample irradiated at TH=250 °C with dH=4×10 Finally, it should be pointed out that the N-free InAs energy gap is not recovered for any hydrogenation condition or N content, which is rather clear from the PL spectra of the x=0.006
sample hydrogenated at TH=350 °C with dH=20×10 16 ionscm -2 : In that case, the as-grown and hydrogenated samples share the same threshold for PL emission; see Fig. 2 (b) . Therefore, H does not neutralize the electronic activity of N in In(AsN), in contrast with findings in other dilute nitrides -i.e., Ga(AsN), Ga(PN), and (InGa)(AsN). [17, 22] 4. Discussion
Photoluminescence vs transport results
It has been outlined that magneto-transport and Raman scattering data seemingly disagree with the PL results found here in the same or similar thick samples. In particular, it has been shown that the optical detection of a carrier increase critically depends on the fraction of the sample filled up with D (or H) atoms. We speculate that whenever deuterium does not fill uniformly all or a major part of the sample as in the case of the x=0.0015 sample hydrogenated at TH=250 °C; see samples. In these cases, samples are homogeneously filled up with H atoms and radiative recombination from an increased density of carriers is observed.
Nature of the H related donors
As regards the nature (and origin) of the H related donors, it cannot be due to irradiation damage often resulting in the formation of vacancies, antisites, and interstitials acting as donors [42] because the line-shape and intensity of the PL spectra of a number of In(AsN) samples do not sizably change when they are irradiated with 4 He ions, which are heavier and much less chemically active than H ions. This effect is shown in Fig. 5 for an x=0.0015 sample irradiated at TH=300 °C with a dose dHe=3×10 17 ionscm -2 (namely, the conditions that in the case of H irradiation lead to a Fermi energy equal to 0.645 eV and to a strong decrease in PL intensity; see Figure 5 . (color online) PL spectra taken at T=10 K in two 1m-thick InAs0.0985N0.0015 samples, one as-grown (black solid line) and the other irradiated with He ions (red dashed line) at the same temperature and dose of the hydrogenated sample shown in Fig. 2 (a) . Fig. 2 (a) ). Neither can thermal effects account for the hydrogenation behavior reported in this paper: Only a factor of 2 increase, at most, in the PL efficiency has been observed in a few asgrown x=0.0015 and 0.01 samples, heated in vacuum at 250 °C and 300 °C, respectively, for time intervals comparable to those used in the corresponding hydrogenations (not shown here).
However, it should be mentioned that improvements in the PL emission intensity by factor of 25
have been achieved by a rapid thermal annealing (30 s) of the sample performed at much higher temperatures (from 400 ºC to 550 ºC). [43] The microscopic nature of the H related donors is unveiled by Raman scattering data taken in two x=0.01 samples, one as grown and the other hydrogenated at dH=1×10 18 ionscm -2 , and in a N-free sample. As it can be seen in Fig. 6 (a) , for the hydrogenated (blue line) and virgin (red line)
In(AsN) epilayers, the Raman peaks associated with the transverse (TO) and longitudinal (LO) optical phonons, and their Raman second order, dominate the spectra at low frequency (< 500 cm We speculate that the donor complex involved is due to H in a bond center or a N-antibonding stable site, as theoretically predicted [49] and experimentally reported in the case of InN, [10] (InGa)N  where four-H complexes are also predicted and shown to form and act as donors as well, [11] and GaN [9, 12]  where H has an amphoteric behavior.
Fermi stabilization energy
We now discuss in some detail the dependence of the energy gap (Eg), Fermi energy (EF), and carrier concentration (n) on H dose and N content. These values have been estimated from simulations of the PL line-shapes carried out in the framework of a semi-relativistic two-band model [50] according to which the energy dispersion for the conduction electrons is given by [51]   
where A is a constant, electron density was calculated as
, where the values of Table I together with the corresponding values of N content (x), thickness (t), and hydrogenation conditions (dH and TH) of the investigated samples. Carrier concentrations as derived from magneto-transport (Hall and Shubnikov de Haas effect) measurements [33, 35] are close to those obtained here from the simulation of the PL emission line-shape. 
Absence of H related donors in N-free InAs
Finally, the transition from defect passivation in InAs to donor formation in In(AsN) can be accounted for on the grounds of the predicted H effects in (InGa)(AsN), [18] provided that the H  +/-transition level lies just below the InAs CBM. In this case, H would have an amphoteric behavior and act as a donor or acceptor depending on the p-or n-type material doping, respectively, thus passivating any type of dominant non radiative defects, [18] as observed in
InAs; see Fig. 1 molecules, in agreement with present results in hydrogenated In(AsN). It is interesting to note here that it has been recently predicted [13] that the surface transition level of H adsorbed on the InAs surface lies just above CBM, in contrast to the case of InP, GaAs, and possibly GaSb, where it lies well below CBM, as in the bulk.
Stability of H related donors
The aforementioned increase in carrier concentration (by orders of magnitude), with no significant effect on carrier mobility, [33] could be exploited for technological applications provided these increases are thermally stable. The activation energy for the dissociation of the H-N donor complexes has been investigated here by exposing different In(AsN) samples to cycles of isochronal annealings and determining their carrier density with different techniques. A 0.33 m-thick InAs0.99N0.01 sample, irradiated with dH=4×10 17 ionscm -2 at TH=375 °C and exposed to 4 hr annealings, has been studied by PL measurements. A 1 m-thick InAs0.9985N0.0015 sample, irradiated with dH=1×10 16 ionscm -2 at TH=300 °C and exposed to 1 hr annealings in a furnace in a continuous Ar flow, has been also investigated in parallel by Hall effect measurements. The PL spectra taken at low temperature in the thin (0.33 m) x=0.01 sample are shown by full dots in Fig. 8 for various annealing temperatures, together with the spectrum of the as-grown sample for comparison purposes. A rapid inspection of these spectra indicates that the band filling decreases for increasing annealing temperature. However, the line-shape of the as-grown sample is never fully recovered, even at Ta=898 K. A detailed data analysis has been performed by simulating the spectra (full lines in the figure) using the previously introduced theoretical model so that the band gap and Fermi energy could be estimated at each annealing temperature. Some minor misfits may be due to approximations in the density of states and/or the application of the same system response to all data, when ambient humidity was in fact changing from day to day. The values of the carrier density thus obtained for both the thin x=0.01 and thick x=0.0015 sample are shown in Fig. 9 as a function of annealing temperature, together with the values of Eg in the thin sample. The band gap energy increases from the value it has in the non annealed sample as soon as the annealing temperature exceeds 600 K and progressively tends toward the value in InAs, but without reaching it; see panel (a). This blue-shift of the energy gap indicates that N atoms desorb from the sample (a desorption of As atoms, on the contrary, would decrease Eg by increasing the relative N content).
The carrier density decreases with Ta in the thick x=0.0015 sample sooner (at 500 K) than in the thin x=0.01 sample (at 600 K), see panel (b), suggesting that different donor complexes might appear in the two samples, and/or that the dynamics of H trapping and detrapping depends on the N content in the sample and/or the thickness of the H-penetrated layer. An Arrhenius-like formula [10] 
has been then fitted to the two sets of data, as shown by full lines in Fig. 9 (b been taken for both the attempt frequencies. In both thin and thick samples, the passivation of more than a single defect is required to obtain a good fit to the data, as shown in Table II . Therein, the activation energies for H desorption found in InN [10] are also included. In the case of thin x=0.01 (thick x=0.0015) samples, the deactivation of three (two) different defects is required in order to get a good fit to the Table II . Best-fit values of the initial defect populations (n0i, in units n0=10 18 cm -3 ) and activation energies (Eai) for the restoration of the In(AsN) non-radiative defects passivated by H as determined by the thermal annealing studies shown in Fig. 9 . c is the defect population after all the annealings; see Eq. 3 to the data, as explained in the text. 
